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Abstract 
With the consideration of complex relationship among multi water use activities both in behavior and benefit, ecological network 
analysis (ENA) as a systems-oriented methodology is introduced to study the sustainability of environmental flow toward 
sustainable water use. Based on the quantitative measure of sustainability that has been proposed in ENA, the current paper 
explores the competing relationship between environmental flow and socioeconomic water uses through network structure 
analysis, from which the sustainable network structure for environmental flow is defined. Through constructions of the 
sustainable water use network with Beijing from 1999 to 2002 and 2005 to 2007 as case studies, the sustainable network structure 
value in view of environmental flow for Beijing is decided here. This research can be served as the first attempt to investigate 
environmental flow and its competitive relationship with the other water use activities in view of network structure. These efforts 
will lay the foundation for future studies on water allocation, regulation and management. 
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1. Introduction 
In recent years, increasing population growth and socioeconomic development have contributed to ever-
increasing water supplement for socioeconomic water uses. In this way, in areas where water resources are limited, 
the water amount remaining in streams which is required for environmental aspects such as fisheries, water quality, 
and riparian ecosystems have accordingly decreased and river ecosystems have been affected. As the conservation 
of ecosystems is especially important for sustainable development, the water demand of ecological needs, defined as 
the environmental flow, is becoming a major issue in sustainable water uses [1–4].  
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In an intersectional water use process where the provision of water for the environment is correlated with other 
sectors, such as water for basic human needs and production, as these sectors are directly and indirectly depend on 
and affected by each other both in behavior and benefit, there is a need to consider the interlinkages and the 
dynamics between water for environment and those socioeconomic water uses [5]. Therefore, in the issue of 
sustainable water uses, a holistic approach that combines natural water resources use and human activities with the 
objective of maintaining ecosystem integrity and the sustainable development is required.  
Ecological network analysis (ENA) is a systems-oriented modeling technique for examining the structure and 
flow of materials in ecosystems [6–9]. Placing greater emphasis on the transfers between components rather than the 
characteristics of individual ones [10] and based on two network structure-related attributes — network efficiency 
and resilience, ENA provides a sustainability quantification method for complex systems in view of systems 
integrity [11,12]. In the issue of sustainable water uses, concerning that the sustainability of environmental flow is 
correlated closely with other sectors, the method of ENA can be served as a promising method to analyze the 
sustainability of environmental flow with the consideration of other water use activities. Therefore, in this paper, the 
network structure analysis in ENA is applied into water use systems to analyze the sustainability of environmental 
flow from the perspective of whole system.  
Since 1990s, as a result of economic development, the continuous drought, uneven precipitation distribution, the 
degradation of water resources, and particular high developed economy and improved living standards have made 
the conflict between water supply and demand increased in Beijing. The development of economy and environment 
in Beijing has been greatly influenced due to the serious water scarcity. The problem of water shortage has greatly 
limited the sustainable development of this area. Therefore, in order to use water in a sustainable way and protect 
environment as well as concerning the rigid water use situation, the researches on water use systems in Beijing is 
required.  
This paper is organized as follows. Sec. 2 describes the study site. Sec. 3 emphasizes on methodology including 
network model and analysis methods. Sec. 4 illustrates the analysis results of Beijing. Sec. 5 discusses the results of 
sustainable network structure for environmental flow in Beijing and offers a range of conclusions. 
2. Study site 
    As one of the most important cities, Beijing (Fig. 1) is located in the northern part of the Haihe River Basin with 
total area of 16,806 km2, stretching 160 km from east to west and over 180 km from north to south. Characterized by 
a monsoon-influenced humid continental climate, the average precipitation of Beijing is at a medium-level in the 
basin with 550mm. Beijing is recognized as an cultural and political centre, as well as a major industrial and 
commercial metropolis in China. The local population of Beijing was 17.4 million at the end of 2007, and the total 
population with people temporarily living in Beijing was close to 20 million. 
Beijing is the third largest city of China considering its population. In 2007, the GDP and GDP per capita of 
Beijing were 900.62 billion yuan and 56,044 yuan/capita, respectively. Beijing is among the most developed cities 
in China. The primary social and economic situations covering GDP and population, and total water resources 
amount during 1999–2007 are listed in Table 1. Because the water use data in 2003 and 2004 are absent, these two 
years are not included in these studying periods. 
Table 1. Socioeconomic and water resources situations of Beijing during 1999-2002 and 2005-2007. 
Year Population (104 capita) GDP (108 yuan) Total water resources (108 m3) 
1999 1257.20 2677.60 14.22 
2000 1363.60 3161.00 16.90 
2001 1385.10 3710.50 19.20 
2002 1423.20 4330.40 16.11 
2005 1533.00 6886.30 23.18 
2006 1581.00 7861.00 22.07 
2007 1633.00 9353.30 23.18 
 
 Yuan Li and Zhifeng Yang / Procedia Environmental Sciences 2 (2010) 1737–1744 1739
 
 
 
Fig. 1 Map of China, showing the position of Beijing in China. 
3. Methods 
3.1. Network model description 
According to the method of ecological network construction, a ten-compartment steady-state network model is 
built to represent water exchanges within a water use system. Fig. 2 illustrates the network model, and Table 2 
describes each compartment in the model. 
1. Streams
2. WDS
3. Family
4. Agriculture 5. Landscape
6. Industry
8. WPS I9. WPS II
10. WRS
z1 y1
f24
f26
f91
f23
f25
f81
f6,10
f10,6
f41 f61 f69
f38 f31
f51
y6
y4 y5
y3
7. Virtual
Environment
f27 f71
f12
 
Fig. 2. The water use network model 
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Table 2. Description of the ten compartments of the water use network model. 
Compartment Description 
1 Streams Water bodies located within the system. 
2 Water distribution system (WDS) Public infrastructure that distributes water to users throughout the system. 
3 Families Water used by domestic activities 
4 Agriculture Water used for irrigation. 
5 Landscape Water used for landscape functions. 
6 Industry Water used by industrial activities. 
7 Virtual environment Environmental flow 
8 Water purification system I (WPS I) Treatment facilities for purifying domestic sewage. 
9 Water purification system II (WPS II) Treatment facilities for purifying industrial wastewater. 
10 Water reuse system (WRS) 
Infrastructure that permits reuse of industrial wastewater by the industrial 
compartment. 

Fig. 2 shows that the flows (fij) represent statistic flows (m3 year-1) of water from compartment i to compartment j; 
zk and yk are inputs from outside the system (m3 year-1) and outputs from the system (m3 year-1) for the kth 
compartment, respectively. Compartment 1 denotes the streams (and other bodies of water) in the system. z11 
represents precipitation inputs into compartment 1, and z12 and y12 represent surface runoff from upstream and to 
downstream of compartment 1, respectively. y12 is the change in reservoir water volume, and y13 represents the 
quantities of evaporation. According to the method used to construct network flows in ENA, flows in the streams 
compartment are integrated using z1 to represent inputs from the environment into the streams, and the output of the 
streams (y1) is calculated through mass-balance calculations for compartment 1. Compartment 2 receives the inflow 
of water from streams and distributes this inflow to the following compartments: families (3), agriculture (4), the 
landscape (5), and industry (6). The volume of water consumed by these different users are expressed as y3, y4, y5, 
and y6, respectively, and these volumes include both the part of the flow that is consumed by these water users and 
the proportion that is lost. To include environmental flow in the network structure analysis, a virtual node 
(compartment 7) and virtual pathways are constructed. The flows of f27 and f71 represent environmental flow from 
the WDS into the virtual environment and from that compartment back into the WDS, respectively; we assumed that 
there is no output in compartment 7 that leaves the overall system. Water purification systems (WPS) 1 and 2 
(compartments 8 and 9) receive the municipal and industrial wastewater, respectively, and then return the treated 
water into streams (compartment 1). The municipal and industrial wastewater that is not purified is discharged 
directly into the streams. Because there is no treatment facility for agricultural wastewater, the flows from the 
agriculture compartment into WPS 1 and 2 are therefore not considered in our analysis, and agricultural wastewater 
is discharged directly into streams. Water reuse system (WRS) receives the industrial wastewater and recycles them 
back into the industry for water reusing. The water use network model contains a total of 23 flows, including one 
input flow into node 1, five output flows (from the stream, family, industrial, agricultural, and landscape 
compartments), and 17 flows between the 10 nodes of the network. In this paper, we study the sustainability of 
environmental flow based on this network model. 
3.2. Network structure analysis 
Information indices are global attributes of the network, which embed structural characteristics, such as 
ascendency (A), development capacity (C), overheads and redundancy (ĭ) [13, 14]. Rutledge et al. [15] applied an 
index of information theory to ecological network in terms of average mutual information (AMI), which is the 
average constraint placed upon a single unit of flow in the network. Based on AMI and TST, Ulanowicz developed 
the ascendancy as a measure of the network’s potential for competitive advantage over other network configurations, 
encompassing the natural growth and development of ecological system and asserted that it increases during the 
development of an ecosystem from an early, undeveloped succession stage to a climax stage with the function of 
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quantifying feedback and system size [16–18]. The upper limit to ascendency is the development capacity, and the 
difference between the capacity and the ascendency is termed as system overhead [10], which represents multiplicity 
of pathways. The relationship between A, C and ĭ is shown in Equation 1.    
                                                                              C=A+ĭ                                                                                    (1) 
Recently, the researches about information theory in ecosystems sustainability issues have been developed. 
Information theory quantifying the complexity of systems embraced into ENA [11] has suggested that the complex 
structure is the secret of its sustainability [19], and the diversity of processes plays a crucial role in whether a system 
survives or disappears [12]. In ecology, an ecosystem’s ability to maintain its own vitality over long periods (i.e., its 
‘sustainability’) depends largely on the layout and magnitudes of the trophic pathways by which energy, information, 
and resources are circulated [20]. While many factors are involved, the maintenance of vitality appears to rest 
heavily on two structure-related attributes — efficiency and resilience. Measured by A, efficiency is the network’s 
capacity to perform in a sufficiently organized and efficient manner as to maintain its integrity over time [21]. 
Resilience, measured by ĭ, is its reserve of flexible fall-back positions and diversity of actions that can be used to 
meet the exigencies of novel disturbances and the novelty needed for on-going development and evolution [22]. 
These two factors are complementary because they are inversely related to the level of diversity and connectivity 
found in the network. That means increasing a system’s efficiency makes it less flexible and more brittle even as it 
grows bigger and more directed; similarly, beyond a certain level of diversity and connectivity, the system also 
becomes dangerously stagnant through technically more resilient [20]. Just as suggested by Equation 1, the capacity 
for a system to undergo evolutionary change or self-organization consists of two aspects: firstly, it must be capable 
of exercising sufficient directed power (ascendency) to maintain its integrity over time; secondly, it must possess a 
reserve of flexible actions that can be used to meet the exigencies of novel disturbances [20]. These two aspects are 
literally complementary. A system lacking ascendency has neither the extent of activity nor the internal organization 
needed to survive. In contrast, systems that are so tightly constrained and honed to a particular environment appear 
“brittle” or “senescent” and are prone to collapse in the face of even minor disturbances [20]. Therefore, as systems 
sustainability lies somewhere between these extremes, a sustainable network structure is effective for systems 
sustainability analysis.  
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For water use systems, regarding the premise of this research that water is scarce and environmental flow is 
seriously unsatisfied, the sustainable situation with the consideration of environmental flow is defined as when the 
minimum environmental flow requirement is satisfied. Concerning the water demand-supply relationship in water 
use systems, a water use network aiming to satisfy water demand of environmental flow is constructed. With the 
construction of the network flows, the network structure value for environmental flow in view of sustainable 
development of water use can be obtained. 
4. Results 
4.1. Water use networks for Beijing  
The primary water data in Beijing for determination of the flows in water use networks are obtained from 
CHRBWR [23].  
To quantify the flows in water use network, the minimum environmental flows (Table 3) are determined firstly 
based on the results of Ren [24]. The amounts of water consumed by socioeconomic uses are decided referred to the 
current water use amounts.  
Table 3. Values of the minimum environmental flow for Beijing from 1999 to 2002 and from 2005 to 2007. 
Minimum environmental flow (104 m3) 
1999 2000 2001 2002 2005 2006 2007 
28.38 24.57 21.68 18.99 11.50 10.56 7.60 
Based on the values for the minimum environmental flow, the flows in the optimal water use network for Beijing 
from 1999 to 2002 and from 2005 to 2007 are calculated (Table 4).  
Table 4. Flows of the optimal water use network for Beijing from 1999 to 2002 and from 2005 to 2007. 
  Flow (104 m3) 
Type Designation 1999 2000 2001 2002 2005 2006 2007 
Input f(0, 1) 62.70 73.60 76.60 69.38 78.62 75.27 83.83 
Outputs f(1, 0) 36.19 48.32 51.80 47.33 57.23 54.09 62.44 
 f(3, 0) 6.94 7.33 6.78 6.36 7.62 7.89 7.98 
 f(4, 0) 14.39 12.83 13.53 12.02 9.86 9.37 9.12 
 f(5, 0) 0 0 0 0 0.60 0.89 1.49 
 f(6, 0) 5.17 5.13 4.49 3.68 3.32 3.03 2.81 
Internal 
interactions 
f(1, 2) 70.18 64.97 60.68 53.61 46.00 44.86 42.40 
 f(2, 3) 12.70 13.40 12.40 11.63 13.93 14.43 14.60 
 f(2, 4) 18.50 16.50 17.40 15.45 12.67 12.05 11.73 
 f(2, 5) 0 0 0 0 1.10 1.62 2.72 
 f(2, 6) 10.60 10.50 9.20 7.54 6.80 6.20 5.75 
 f(2, 7) 28.38 24.57 21.68 18.99 11.50 10.56 7.60 
 f(3, 1) 1.73 1.82 1.69 1.58 1.89 1.96 1.99 
 f(3, 8) 4.03 4.25 3.93 3.69 4.42 4.58 4.63 
 f(4, 1) 4.11 3.67 3.87 3.43 2.82 2.68 2.61 
 f(5, 1) 0 0 0 0 0.50 0.73 1.23 
 f(6, 1) 0.27 0.27 0.24 0.19 0.17 0.16 0.15 
 f(6, 9) 5.15 5.11 4.47 3.67 3.31 3.01 2.80 
 f(6, 10) 4.61 4.57 4.00 3.28 2.96 2.70 2.50 
 f(7, 1) 28.38 24.57 21.68 18.99 11.50 10.56 7.60 
 f(8, 1) 4.03 4.25 3.93 3.69 4.42 4.58 4.63 
 f(9, 1) 5.15 5.11 4.47 3.67 3.31 3.01 2.80 
 Yuan Li and Zhifeng Yang / Procedia Environmental Sciences 2 (2010) 1737–1744 1743
 
 f(10, 6) 4.61 4.57 4.00 3.28 2.96 2.70 2.50 
4.2. Balance point of network structure for each water use network in view of environmental flow  
Based on the flow data for Beijing, the ascendency and reserve capacity values are calculated and the sustainable 
network structures for water use network in each year are determined. Table 5 presents the corresponding 
sustainable points for environmental flow (aenvironment,opt) in each year.  
Table 5. The network structure indices and the balance values of aenvironment, opt for Beijing from 1999 to 2002 and from 2005 to 2007. 
 1999 2000 2001 2002 2005 2006 2007 
C (104 m3) 1155.79 1165.6 1118.92 992.43 960.69 931.09 935.5 
Aenvironment (104 m3) 109.87 97.22 86.50 75.87 47.70 43.71 32.14 
aenvironment,opt 0.095 0.083 0.077 0.076 0.050 0.047 0.034 
As shown in Table 5, quantifying the flows in the constructed water use networks let us calculate the sustainable 
network structure for environmental flow (aenvironment,opt) for each network. As the minimum environmental flow 
values for Beijing from 1999 to 2002 and 2005 to 2007 are decreased, the ascendency values for environmental flow 
(Aenvironment) are decreased, and the values of aenvironment,opt are decreased accordingly. The results suggest that, for 
Beijing, the aopt values for environmental flow ranged from 0.034 to 0.095. It means that, considering the sustainable 
development of environmental flow, the sustainable network structure for environmental flow fall at interval of 
0.034 and 0.095. 
5. Discussion 
The new science of sustainability described here focuses our concerns about the sustainable water use in view of 
environmental flow on a new understanding of network structure. In this view, the sustainable water use systems 
require networks which exhibit the same balance of hardy weave, diverse alternative, and efficient throughput 
performance that produce long term vitality in natural systems. By searching for the balance point of environmental 
flow, network structure analysis provides a new perspective to study the sustainability of environmental flow in 
view of whole systems.  
By quantifying the sustainability of environmental flow for a water use system, the aenvironment,opt metric provides 
an optimal criterion. In a given water use system, values of aenvironment lower or higher than the corresponding 
aenvironment,opt have different implications for development in view of environmental flow. The difference between the 
aenvironment value and its corresponding aenvironment,opt provides a promising index of the sustainability level. This index 
can therefore be used to compare the sustainability levels of environmental flow. To understand what the difference 
between aenvironment and aenvironment,opt suggests (i.e., whether a greater difference represents a more or less sustainable 
system), much additional work need to be performed in the future work.   
In this paper, we propose a method for sustainability analysis of environmental flow based on ecological network 
theory, and demonstrate it with Beijing as case study. By considering the interactions between environmental flow 
and other water uses, we analyze the sustainability of environmental flow from the perspective of whole systems. 
The results of the application of the ENA approach in water use systems suggest that ENA is a promising approach 
for study of water use systems towards sustainable development. As the study of ENA for water use systems is still 
few, much work need to be further studied in the future. It is expected that the method of ENA would be developed 
and be improved further as a hopeful tool. 
Acknowledgements 
 This work was supported by grants from the National Science Foundation for Distinguished Young Scholars 
(50625926) and from the National Basic Research Program of China (973) (Grant No. 2006CB403303).  
1744 Yuan Li and Zhifeng Yang / Procedia Environmental Sciences 2 (2010) 1737–1744
 
References 
[1] Karr JR. Biological intergrity: A long-neglected aspect of water resources management.1991. Ecol Appl 1991;1,66–84. 
[2] Tharme RE, King JM. Development of the building block methodology for instream flow assessments and supporting research on the 
effects of different magnitude flows on riverine ecosystems. Water research commission report No 576/1/98, Pretoria, South Africa; 1998, p. 452 
[3] Doupl RG, Pettit NE. Ecological perspectives on regulation and water allocation for the Ord River, western Australia. River Res Applic 
2002;18,307–320. 
[4] Jorge Alcazar, Antoni Palau, Cristina Vega-Garcia. A neural net model for environmental flow estimation at the Ebro River Basin, Spain. 
J Hydrol 2008;349,44–55. 
[5] Singh RK,Murty HR, Gupta SK, Dikshit AK. An overview of sustainability assessment methodologies. Ecol Indic 2009;9,189–212. 
[6] Patten BC, Bosserman RW, Finn JT, Cale WG. Propagation of cause in ecosystems. In: Patten BC. (Ed.), Systems analysis and simulation 
in ecology, vol. IV. Academic Press, New York; 1976, p. 457–579. 
[7] Wulff F, Field JG, Mann KH. (Eds.). Network analysis in marine ecology: methods and applications. Coastal and estuarine studies 32. 
Springer-Verlag, New York; 1989,p. 284. 
[8] Christensen V, Pauly D (Eds.). Trophic models of aquatic ecosystems. International Center for Living Aquatic Resources Management. 
Conference Proceeding Number 26. Manilla, Phillipines; 1993. 
[9] Fath BD, Patten BC. Review of the foundations of network environ analysis. Ecosystems 1999;2,167–179. 
[10] Ulanowicz RE. Growth and development: ecosystems phenomenology. Springer-Verlag, New York; 1986. 
[11] Zorach AC, Ulanowicz RE. Quantifying the complexity of flow networks: how many roles are there? Complexity 2003;8,68–76. 
[12] Ulanowicz RE, Goerner SJ, Lietaer B, Gomez R. Quantifying sustainability: Resilience, efficiency and the return of information theory. 
Ecol Complexity 2009;6,27–36. 
[13] Ulanowicz RE. An hypothesis on the development of natural communities. J Theor Biol 1980;85,223–245. 
[14] Ulanowicz RE, Norden JS. Symmetrical overhead in flow networks. Int J Syst Sci 1990;21,429–437. 
[15] Rutledge RW, Basore BL, Mulholland RJ. Ecological stability: An information theory viewpoint. J Theor Biol 1976;57,355–371. 
[16] Ulanowicz RE. A phenomenology of evolving networks. Syst Res 1989;6,209–217. 
[17] Ulanowicz RE. Ecology, the ascendent perspective. In: Allen TFH, Roberts DW. (Ed.), Complexity in Ecological Systems Series. 
Columbia University Press, New York; 1997, p. 201.  
[18] Ulanowicz RE, Wolff WF. Ecosystem flow networks: loaded dice? Math Biosci 1990;103,45–68. 
[19] Ho MW, Ulanowicz RE. Sustainable systems as organisms. Biosystems 2005;82,39–51. 
[20] Goerner SJ, Lietaer B, Ulanowicz RE, Gomez R. Quantifying economics sustainability: implications for free-enterprise theory, policy 
and practice. Ecol Econ 2009; doi:10.1016/j.ecolecon.2009.07.018. 
[21] May RM. Will a large complex system be stable? Nature 1972;238,413–414. 
[22] Holling CS. Resilience and stability of ecological systems. Annu Rev Ecol Syst 1973;4,1–23. 
[23] CHRBWR,1999–2007. Communique of the Haihe River Basin Water Resources (In Chinese).www.hwcc.com.cn/haiwei/static/szygb.asp  
